Migration is energetically demanding and physiologically challenging. Migrating birds, for example, need to boost their antioxidant defenses to defeat the pro-oxidants pro- 
reactive oxygen species (ROS) from the mitochondrial membrane as a consequence of a higher metabolic rate. The ROS are highly reactive and cause oxidative damage to biomolecules such as proteins and lipids, which in the long run affects cellular function and ultimately, fitness (Ouyang, Lendvai, Moore, Bonier, & Haussmann, 2016) . Animals can counteract pro-oxidants by boosting their antioxidant defenses (both the production as well as the consumption of antioxidants); however, this may not be cost-free (Monaghan, Metcalfe, & Torres, 2009 ).
An upregulated antioxidant defense could take away limited resources (e.g., energy or micronutrients) from other functions such as reproduction, lipid storage, or immune defense (Evans & Halliwell, 2001; Griboff et al., 2014; Isaksson, Sheldon, & Uller, 2011) . Regarding immune defense, it has been hypothesized that migrating animals should boost their immune function during migratory periods in order to be prepared for more and/or novel pathogens that they may encounter during their travels (Buehler, Tieleman, & Piersma, 2010; Møller & Erritzoe, 1998) . Recently though a study on a partial migrant, the common blackbird (Turdus merula, blackbird hereafter), showed that migrating individuals had lower microbial killing capacity than sedentary conspecifics sampled at the same location during the same period (Eikenaar & Hegemann, 2016) . Microbial killing capacity is an integrative measure of baseline innate immune function (French & NeumanLee, 2012; Millet, Bennett, Lee, Hau, & Klasing, 2007; Tieleman, Williams, Ricklefs, & Klasing, 2005) , an animal's first line of defense against foreign harmful bacteria, viruses, and other pathogens. The study of Eikenaar and Hegemann (2016) thus supports the hypothesis that birds may be forced to compromise immune function during physiologically demanding migrations (Buehler & Piersma, 2008) .
Interestingly, in the same blackbird study system, migrating individuals had higher nonenzymatic antioxidant capacities than sedentary individuals, that is migrants produce or ingest more antioxidants, suggesting that they boost their antioxidants to counteract the increased pro-oxidant exposure (Eikenaar, Källstig, Andersson, Herrera-Dueñas, & Isaksson, 2017 ). The antioxidant defenses were then highly efficient as migrating and sedentary individuals did not differ in oxidative damage to lipids (Eikenaar et al., 2017) . Together, these data suggest that due to elevated energetic and physiological demands, migrants may trade off investment in baseline innate immune function against investment in antioxidant defense. However, to show such a tradeoff, the relationship between these two physiological traits should be determined within individual birds, and clear hypotheses about their functional interaction should be provided (Zera & Harshman, 2001) .
In this study, we do so by relating the microbial killing capacity (hereafter BKA) to total nonenzymatic antioxidant capacity (hereafter AOX) within individual blackbirds. By sampling both migrating and sedentary blackbirds at the same location during the same period of the annual cycle, we were able to determine whether there is a negative correlation between these two physiological traits which would suggest a functional interaction as a consequence of migration. In addition to AOX, we determined the birds' malondialdehyde (MDA) concentration, a commonly used biomarker of oxidative damage to lipids. Our previous work has also shown that haptoglobin-like activity, another measure of innate immune function, differs between sedentary and migratory birds (Eikenaar & Hegemann, 2016) . Haptoglobin, however, also has antioxidant properties in that it can bind hemoglobin, a mechanism that may be important for migrating birds engaging in endurance flight (Nebel et al., 2012) . With this bimodal physiological function, we could not formulate a clear hypothesis as to whether or not migrants trade off haptoglobin synthesis with antioxidant defense.
Hence, in this study, we focused on BKA as an integrative measure of baseline innate immune function.
We expected that migrating blackbirds trade off investment in BKA with investment in AOX and thus predicted a negative relationship between these two physiological parameters. As a consequence of this trade-off, we expected BKA and MDA concentrations to be positively correlated. In contrast, we expected that resident blackbirds, which do not face the energetic and physiological challenges of migration, are not forced to trade off investment in BKA against investment in AOX.
For residents, we thus predicted that BKA is not related to AOX or to MDA concentration.
| MATERIAL AND METHODS

| Field procedures
The study was conducted on Helgoland Island (54°11′N, 07°55′E, 0-60 m elevation), a small (<1 km 2 ) isolated island in the German Bay of the North Sea. The birds were caught in October 2014, during the autumn migration period of this species, when hundreds of blackbirds use the island as a stopover site and mix with the local, sedentary blackbirds (Dierschke, Dierschke, Hüppop, Hüppop, & Jachmann, 2011; Sacher, 2009) . Most blackbirds caught during stopover on Helgoland winter in the United Kingdom and breed in Scandinavia (Dierschke et al., 2011) . Upon capture, the birds were blood-sampled from the wing vein within 10 min. Samples were placed on ice for <4 hr, after which the plasma was separated by centrifugation and frozen at −20°C until laboratory analyses. After sampling, birds were aged (1st year or adult) and sexed on plumage after Svensson (1992) and fat stores were scored on a scale from 0 (no fat) to 8 (furcular and abdomen bulging, and breast covered with fat) following Kaiser (1993) . All birds were trapped during daylight hours (7 a.m.-6 p.m.).
All procedures were approved by the Ministry for Agriculture, the Environment, and Rural Areas, Schleswig-Holstein, Germany.
| Assignment of migratory status
All birds received a metal ring and a unique combination of four color rings for later identification in the field. Weather permitting, daily searches for color-ringed birds were made throughout October and November. Helgoland is tiny (1 km 2 ) and birds can easily be resighted if they stay on the island. Migrants were separated from residents combining two approaches (Eikenaar & Hegemann, 2016; Eikenaar, Müller, Klinner, & Bairlein, 2015; Eikenaar et al., 2017) . First, we assumed that 10 blackbirds ringed (with a metal ring only) on Helgoland in previous breeding seasons and retrapped by us in autumn were
Helgoland residents. This assumption rests on a radio-telemetry study showing that most (91%) Helgoland blackbirds are sedentary (Sacher, 2009 ). The assumption seems valid because 9 of the 10 birds from this category were resighted on Helgoland several weeks after we color-ringed them (the one exception was resighted only once, after 8 days). Second, 10 newly caught birds were considered resident because they were resighted (or retrapped) more than 19 days after our color-ringing. We chose 19 days as a cut-off point, instead of 9 days as in Eikenaar and Hegemann (2016) and Eikenaar et al. (2017) , because a very recent radio-telemetry study on Helgoland, revealed that the longest stopover made by migrating blackbirds was 19 days (median stopover duration was 4 days, n = 57, F. Müller, unpublished data). The 10 newly ringed residents were usually resighted (or retrapped) rapidly and multiple times after color-ringing (median number of days until first resighting was 1.5 days (range: 0-13 days), and the median number of their resightings during the study period was 8 observations (range: 2-18 observations)). Moreover, 14 of the 20 birds we assigned as residents were again seen on Helgoland in the spring of 2015, boosting our confidence in the correct assignment as residents. Newly caught birds that were never resighted were considered migrants (n = 35). Ten newly caught birds that were resighted only within 19 days of color-ringing (range: 1-11 days) have most likely been migrants. Yet, to reduce the possibility of misassignment in status and to make our assignment as conservative as possible, we excluded these birds from this study (after Eikenaar et al., 2017) . The fact that immigration and emigration rates in the Helgoland blackbird breeding population are very low (Sacher, 2009) , increases the likelihood of accurate assignment of status.
| Laboratory work
All physiological parameters were determined from plasma samples.
AOX was measured using the ferric reducing antioxidant power (FRAP) assay, which gives the overall reducing potential, that is the nonenzymatic antioxidant potential of the sample (Benzie & Strain, 1996) . The use of a global measure like the FRAP assay can in some instances be preferred over specific markers. Here, for example, we are interested in the total antioxidant power as a functional trait rather than correlations with specific antioxidants which are likely to reveal different patterns due to compensatory mechanisms among the antioxidants, thus difficult to interpret in relation to immune function (Monaghan et al., 2009 ). As the FRAP assay is affected by uric acid (UA) concentration (Benzie & Strain, 1996) , UA concentration was assessed using a commercial kit from SPINREACT (Sant Esteve de Bas, Spain). One of the major damages that occur as a result of ROS-induced oxidative stress is lipid peroxidation (Costantini, 2014) . The main products of lipid peroxidation are hydroperoxides, which further break down into secondary metabolites such as aldehydes, alcohols, and ketones (Gray, 1978) .
Malondialdehyde (MDA), a secondary product of peroxidation of polyunsaturated fatty acids (Gardner, 1979) , is the most frequently used biomarker of overall lipid peroxidation level. MDA concentration was measured after Eikenaar et al. (2017) by coupled gas chromatography and electron ionization mass spectrometry (GC/EI/MS) analysis after derivatization with O-(2,3,4,5,6-pentafluorbenzyl) hydroxylamine hydrochloride (PFBHA·HCl). BKA (against Escherichia coli) was determined following the method described by French and Neuman-Lee (2012) with a few modifications (see Eikenaar & Hegemann, 2016) .
Specifically, we used a dilution of 3 μl plasma mixed in 4 μl of 10 5 E. coli solution. This concentration is based on validation tests we ran earlier. We measured bacteria growth at 600 nm using a microplate reader (see Eikenaar & Hegemann, 2016 Hence, the bacterial killing assay provides a rather integrative measure of baseline innate immune function (French & Neuman-Lee, 2012; Millet et al., 2007; Tieleman et al., 2005) . Details of all laboratory work can be found in the Appendix S1. Note that because for some individual birds, the plasma volume was insufficient to run all assays, the sample sizes of this study are lower than those in Eikenaar and Hegemann (2016) and Eikenaar et al. (2017) .
| Data analysis
FRAP assays are commonly corrected for UA concentration (e.g., Cram, Blount, York, & Young, 2015; Eikenaar et al., 2017; Kilgas et al., 2010; Romero-Haro & Alonso-Alvarez, 2014) , although UA has antioxidant properties, at least in vitro (Stinefelt, Leonard, Blemings, Shi, & Klandorf, 2005) . This correction is necessary because, with UA formed in the bird's body by catabolism of proteins, its plasmatic concentration changes rapidly after feeding and during fasting (e.g., Alonso-Alvarez & Ferrer, 2001; Cohen, Klasing, & Ricklefs, 2007; Geiger, Kauffmann, Le Maho, Robin, & Criscuolo, 2012; Kolmstetter & Ramsay, 2000) , which affects the FRAP measurements (Benzie & Strain, 1996; Cohen et al., 2007) . In both migrant and resident blackbirds sampled on Helgoland, UA concentrations are high in the early morning and decrease during the day, probably reflecting either a diurnal decrease in food intake or a shift in diet during the day (Eikenaar et al., 2017) . UA has been estimated to contribute 60% to FRAP values (Benzie & Strain, 1996) , and in the current dataset, AOX is strongly correlated with UA concentration (see Supporting information). Hence, diurnal variation in UA concentration strongly biases the blackbirds' AOX values (Eikenaar et al., 2017) , which could mask a relationship between AOX and BKA. We, therefore, corrected AOX for UA using the unstandardized residuals of the linear regression of UA concentration on AOX (following Kilgas et al., 2010; Cram et al., 2015) . This correction effectively eliminates the bias in AOX that otherwise results from diurnal variation in UA concentration (Eikenaar et al., 2017, and time of capture, fat score, and age, but as none was significant (all p > .33), these were again removed from the models. BKA was standardized prior to analyses to facilitate interpretation of its regression coefficient (Schielzeth, 2010) . To reduce the number of zeros behind the decimal point in the parameter estimates, BKA was divided by 1,000. Note that in the figures, original values of BKA are presented. To achieve normality of residuals, MDA concentration was log 10 -transformed prior to analysis.
In the dataset on migrating blackbirds, transformation of BKA values failed to normalize the data. Therefore, we used Spearman rank correlations as posthoc tests to investigate the relationships between physiological parameters within migrants and within residents. For these nonparametric posthoc tests, we used nontransformed data. All analyses were performed in SPSS v. 23.0 (IBM, New York).
| RESULTS
Migrants had lower BKA than residents (Mann-Whitney U-test: (Table 1) . Fat stores and sex did not affect MDA concentration (Table 1) .
One bird, a migrant, had much higher BKA than the other birds in our dataset. Excluding this individual did not qualitatively change our results; in the final models, the interaction between status and BKA remained significant in both the AOX and MDA models (β ± SE = −3.43 ± 1.50, t = −2.28, p = .027 and β ± SE = 23.38 ± 7.51, t = 3.11, p = .003, respectively). Additionally, we have no biological reason to exclude this data point.
| DISCUSSION
We found that in migrating blackbirds microbial killing capacity, an in- Our UA-corrected measure of antioxidant defense includes both endogenously produced nonenzymatic antioxidants, such as thiols and ascorbic acid (Vitamin C), and exogenous dietary nonenzymatic antioxidants, such as flavonoids, alfa-tocopherol (Vitamin E), and carotenoids.
It thus represents an animal's investment in antioxidant defense, that is, the resources invested to produce antioxidants and/or to search for and consume antioxidant-rich food. Migrant birds may selectively forage on antioxidant-rich fruits (Bolser et al., 2013) . However, as endogenously synthesized antioxidants contribute more to AOX measured in FRAP assays than do dietary antioxidants (Benzie & Strain, 1996; Chen et al., 2011) , in our study, the production of nonenzymatic antioxidants probably was the migrants' main investment in antioxidant defense. The currency (or currencies) of this investment are currently not well defined. A study on the freshwater shrimp Palaemonetes argentines found that activation of the antioxidant response decreased lipid storage, indicating that the antioxidant defense is energetically costly (Griboff et al., 2014) . Still, whether the energetic investment in antioxidant defense is substantial enough to result in a trade-off with innate immune function remains to be investigated. Alternatively (or additionally) to an energetic trade-off occurring between AOX and BKA, the two systems may compete over micronutrients, for example for macrophage function (Erickson, Median, & Hubbard, 2000) or for the synthesis of nonenzymatic antioxidants, such as glutathione. with findings from a recent paper which suggests that wild birds can mount an immune response without suffering systematic oxidative stress (Cram et al., 2015) . First, the study by Cram et al. (2015) was performed during a quiescent period of the annual cycle, and the authors themselves suggest that a trade-off between immune function and antioxidant defenses might only be visible during a demanding season. Second, while their study used a local immune challenge to trigger an immune response, we investigated baseline immune function. These two are differently regulated and need to be studied separately (Hegemann, Matson, Both, & Tieleman, 2012; Hegemann et al., 2013) . A positive association between BKA and MDA concentration could have also resulted from immune cells releasing prooxidants (oxidative burst), a process that is known to occur when birds mount an immune response (e.g., Von Schantz, Bensch, Grahn, Hasselquist, & Wittzell, 1999 & Green, 2000) . However, in a previous study on the same system, we measured haptoglobin concentration, an acute phase protein that indicates current infections, and found no evidence that migrants suffer more from current infections than residents, but rather the opposite (Eikenaar & Hegemann, 2016) . If oxidative bursts would cause an association between AOX and BKA, also in the residents, these two parameters should have been negatively correlated, which they were not. Third, this alternative explanation would require strong variation in the need for oxidative burst among migrants. As all migrants were caught in the same area and in a previous study, no temporal pattern in migrating blackbirds' BKA was observed (Eikenaar & Hegemann, 2016) , such variation cannot have been very large.
To conclude, our results suggest the existence of a physiological trade-off between investment in baseline innate immune function and nonenzymatic antioxidant defenses that only becomes evident during the physiologically demanding migration season. Although we cannot provide experimental proof and hence no unequivocal evidence for this trade-off, to the best of our knowledge, no such conclusive evidence exists for any taxonomic group nor does it exist for any other physiological system. Our study thereby is the first to provide an indi- 
CONFLICT OF INTEREST
None declared.
AUTHOR CONTRIBUTIONS
CE conceived of the study and collected the data. AH and CI did all laboratory work. CE, CI, and AH together wrote the manuscript.
DATA ACCESSIBILITY
The data belonging to this paper will be uploaded to Dryad.
ORCID
Cas Eikenaar
http://orcid.org/0000-0003-1049-8036
